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METHODS OF INVESTIGATION
The methods described in the following sections were used to evaluate the risks of contamination of sensitive waterbodies such as, lakes, wetlands, and other ponded waters that accumulate fine-grain bed sediments and associated trace elements and hydrophobic organic compounds (semi-volatile organic compounds). Discussed in this section are methods for data collection, quality-control samples, drainage-area basin characterization, data analysis, and aquatic-life criteria.
Basin Characterization
The drainage-area boundaries for the 29 sites were delineated by interpreting topographic characteristics (contours, elevations, drainage patterns) from the most recent 1:24,000-scale USGS 7.5 quadrangle topographic maps . Land use and land cover of the drainage areas upstream of the sampled sites were derived from the Multi-Resolution Land Characteristics (MRLC) digital data set and reclassified into seven classifications; forest and shrubland, barren, commercial and industrial, residential, agricultural, wetlands, and open water ( fig. 1, table 3) . Estimates of percent land use and land cover for each classification within each drainage area were determined by dividing the sum of areas for each classification by the drainage area.
Bed-Sediment Samples
Trace element and SVOC bed-sediment samples at stream sites were collected from exposed and/or submerged depositional areas that contain fine-grained sediments. Generally, these samples were collected along a 150 to 200 ft reach immediately upstream and downstream from locations shown in figure 1; these sites were wadable at the time of sampling. Samples were collected using a Teflon spatula to scoop the upper 1-2 centimeters (cm) of fine-grained material from the bed deposits. Samples were composited in a clean baked-glass container until enough material was collected for chemical analysis. Trace element and SVOC bed-sediment samples at impounded sites were collected from a boat at 6 to 10 locations between the inflow(s) and dam using an Ekman dredge sampler. For each grab sample collected, the upper 6 to 10 cm of sediment was removed from the central part of the dredge with a Teflon scoop, being careful not to scrape the walls of the dredge, and composited into a clean baked-glass container.
Composite samples from each sampling site were processed by manually mixing the composite sample, then sieving through a 2-millimeter (mm) stainless-steel mesh screen. Subsamples for analysis of SVOCs and trace elements were withdrawn from the sieved samples and placed in clean sample containers. SVOC samples were shipped on ice to the USGS National Water Quality Laboratory in Denver, Colo. Trace element samples were delivered to the USGS Sediment Partitioning Research Laboratory in Atlanta, Ga.
Trace element samples were prepared for chemical analysis in the Atlanta laboratory by freeze drying and then sieving through a 63-micrometer (\i) mesh screen. Aliquots from the prepared samples were digested in a strong acid mixture to completely solubilize the metals from the sediment matrix. The aliquots were analyzed for total trace element concentrations by a combination of atomic absorption and direct emission spectrometry methods (Horowitz and Elrick, 1987) . SVOCs were extracted from the bed-material samples by solvent extraction in the laboratory, followed by partial isolation using high-performance gel permeation chromatography, then qualitatively identified and quantified by capillary-column gas chromatography/mass spectrometry (Furlong and others, 1996) . Bed-Sediment Quality-Control Samples Quality-control samples were collected at Fort Gordon to provide information on variability and possible bias of constituent concentrations resulting from sample collection, processing, and analytical procedures. Qualitycontrol samples consisted of a regular and duplicate sample collected at site 24 ( fig. 1 ) and a sample split from the regular and duplicate sample. The regular and duplicate samples were collected sequentially as separate grab samples at 6 to 10 locations within the lake and composited in separate, clean glass containers. Each sample was manually mixed, then sieved through a 2-mm stainless-steel mesh screen and placed in clean sample containers. In addition, a subsample (split) was taken from the regular and duplicate samples.
Bed-sediment quality-control samples were analyzed in the laboratories for trace elements and SVOCs. The analysis of the quality-assurance samples indicated no unusual variability or bias in the sample sets.
Bed-Sediment Data-Analysis Methods
Bed-sediment-quality characteristics for trace elements and SVOCs were evaluated using the relative ranking system similar to that described by Gilliom and others (1998) . Data used in the evaluation consisted of analysis of composited bed-material samples collected in May 1998 at 29 sites. Factors (constituents) were selected for each characteristic and grouped to define that characteristic. The purpose of grouping is to simplify computations and reduce problems associated with nondetections and high variability in the samples. This procedure allows a uniform assessment for sediment-quality characteristics (Gilliom and others, 1998 Sediment-quality scores were calculated from the bed-sediment data, grouped by quartiles, and the quartiles then assigned a rank from 1 (best) to 4 (worst). Sediment-quality scores were computed according to: 
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Because the sediment-quality score for sites is based only on one sample per site, the factor summary value (FSV) for trace elements at each site is simply the value determined by the analysis. The FSV for SVOCs at each site is the sum of the detected concentrations for each factor. Computations of sediment-quality scores for trace elements and SVOCs are discussed further in the "Relative Ranking of Bed-Sediment Quality" section of this report.
Identification of Reference Sites
Reference site bed-sediment-quality conditions are useful benchmarks for comparison with other observed site concentrations to identify drainage areas upstream from the sampled sites that have potential source areas of contaminants. For this study, specific reference sites were selected that were located away from presumed potential sources of contaminants. The reference site sediment-quality conditions for trace elements and SVOCs in the study area are represented by concentrations in samples from 2 sites (22, 28) (table 3, fig. 1 ). Methods of using traceelement data associated with fine-grained sediments and lake bed-sediment data that represent sediment-quality conditions in the Great Lakes basins (Persuad and others, 1993) were incorporated for comparisons of observed data from a range of typical reference site concentrations. These methods were used only as guideline procedures for screening and categorizing the concentration data.
Aquatic-Life Criteria for Bed Sediment
Aquatic-life criteria for trace elements in bed sediment collected in surface water at Fort Gordon were evaluated using sediment-quality methodologies and guidelines developed by Ontario Ministry of the Environment (OMOE) and described by Persuad and others (1993) . These guidelines, along with accepted methods that describe how aquatic organisms are directly affected by contaminated sediment (Persuad and others, 1993) and sediment concentrations developed by Ingersoll and others (1996) , were used in data comparisons for this study. These two guidelines (table 5) , which are based on bulk sediment, have lower and upper effect levels related to potential impacts on benthic macroinvertebrates for individual trace elements in fresh water. Most trace elements in bed sediments are sorbed to clay and silt-sized particles, and since the samples collected for this study consisted of particle fractions <63 Jim, the trace element concentrations reported herein may be greater than those for bulk sediment samples. Thus, trace element concentrations in this report may exceed established sediment-quality criteria; such comparisons are provided, however, to place the trace element concentrations in some established context. These guidelines and approaches were used to evaluate risks of contamination of sensitive water bodies such as lakes, wetlands, and ponds that accumulate fine-grained sediments and associated trace elements, and to identify contaminant concentration levels that could result in adverse effects to benthic species.
In this report, a comparison of site data with established sediment-quality aquatic-life criteria for benthic organisms is used to provide a more specific indication of those constituents and drainage basins of concern and those that may require further investigation. The association between sampling sites with their probability of adverse effects on aquatic life is intended only for screening purposes. The guideline concentrations used in the assessment may be over or under protective of aquatic organisms, depending on physical, hydrologic, and ecological conditions at a specific site.
Because trace element concentrations in bed-sediment samples from Fort Gordon were determined on the < 63-^m size fraction (which contains most of the trace elements), comparison of these concentrations to guideline concentrations in table 5 likely provides a worst-case assessment of sediment-quality conditions. Aquatic-life criteria for SVOCs were evaluated using procedures developed and used by the U.S. Environmental Protection Agency (USEPA) (U.S. Environmental Protection Agency, 1997a) to analyze data in the National Sediment Inventory. These procedures use the available sediment-quality guidelines for a given constituent to classify sites into probability-of-adverse-effects classes, or tiers, on the basis of measured concentrations at those sites. Tier 1 sites have a high probability of adverse effects on aquatic life; tier 2 sites have an intermediate probability of adverse effects on aquatic life; and tier 3 sites have no indication of adverse effects on aquatic life. The USEPA procedure for classifying sites requires assembling available sediment guidelines for a given constituent, and designating each guideline as either an upper screening value (above which adverse effects may be severe or frequent) or a lower screening value (above which adverse effects may begin or occur occasionally). The first step in determining tier 1 classification for organic compounds is to determine whether the measured concentration exceeds the USEPA proposed sediment-quality criterion (SQQ for protection of benthic organisms with site-specific adjustment for total organic carbon in sediment. For organic constituents with no USEPA SQC, or for any site without information on the total organic carbon content of the bed sediment, the USEPA procedure for tier 1 classification requires that at least two upper screening values be exceeded. The USEPA (1997a,b) uses the following upper screening guidelines for analysis of data in the National Sediment Inventory:
USEPA SQC (assume 1 percent total organic carbon in sediment for sites with no organic carbon data); USEPA sediment-quality advisory level (SQAL) for freshwater aquatic life (assume 1 percent total organic carbon in sediment for sites with no organic carbon data); effect range-median (ER-M) developed by Long and Morgan (1991) ; probable effect level (PEL) developed by MacDonald (1994) for the Florida Department of Environmental Protection; and apparent effects threshold-high (AET-H) developed by Barrick and others (1988) .
For the Fort Gordon bed-sediment data analysis, total organic carbon concentrations were determined at each site; this allowed site-specific organic carbon adjusted assessment of tier 1 classification for three SVOCs for which USEPA SQCs were available (acenaphthene, fluoranthene, phenanthrene). Upper screening values other than USEPA SQCs allowed assessment of tier 1 classification for an additional 16 SVOCs (table 6) . Bed sediments at sites at Fort Gordon were designated as exceeding an aquatic-life criterion if the concentration of one or more constituents exceeded the applicable tier 1 boundary conditions listed in table 6. ''Classification is tier 1 if concentration of any compound exceeds any SQC (adjusted for the site-specific fraction of organic carbon). Classification is tier 1 if concentration of any compound exceeds at least two of these upper screening values.
BED-SEDIMENT QUALITY
The 29 sites at Fort Gordon were evaluated in terms of trace elements and SVOC concentrations in bed sediment. Sites were selected to provide information on the occurrence and distribution of these substances in the study area, and to examine the association between potential source areas of contaminants and magnitude of contaminant concentrations in bed sediments. Replicate and split quality-control samples were collected and analyzed to provide an estimate of the variability in constituent concentration associated with sample collection and analysis.
Trace Elements
Concentrations for 18 trace elements and total organic carbon (TOC) were determined in the fine-grained fraction (<63-fim) of bed-sediment samples collected from 29 sites at Fort Gordon (table 7) . Analysis of the sand/silt split in bed-sediment samples shows that the proportion of silt-sized particles (<63-jim) ranges from 0.4 percent in a sand-bed stream (site 15) to 37.2 percent downstream from a landfill (site 16). Concentrations of TOC range from 1.1 percent by weight at site 15 to 12.4 percent by weight at a forested, reference site, which contains visibly high amounts of organic material in the bed (site 22). Although a TOC concentration of 2 percent by weight is typical for bed sediments in general (A.J. Horowitz, U.S. Geological Survey, oral comrnun., 1998), most samples contained TOC concentrations greater than 2 percent by weight. The relatively high TOC concentrations are attributed to analysis of the fine-grained fraction of the sediment sample that contained most of the TOC, and to naturally occurring TOC in the bed sediments that originate from the wetlands and forested areas in the drainage basins.
Trace element concentrations in fine-grained bed sediment samples from most sites exceed concentrations in samples from reference sites at Fort Gordon (table 7) . Bed-sediment samples from Soil Erosion Lake (site 2, fig. 1 , table 7) contain relatively high concentrations of arsenic (13.6 micrograms per kilogram (mg/kg), barium (1,100 mg/kg), beryllium (2.9 mg/kg), chromium (140 mg/kg), mercury (1.0 mg/kg), selenium (3.8 mg/kg), and vanadium (150 mg/kg). This site receives runoff from a small basin (0.9 mi2) where about 45 percent of the land use is military, commercial, and industrial (table 3) .
Bed-sediment samples from Butler Creek tributary (site 4, fig. 1 ) contain relatively high concentrations of antimony (19.6 mg/kg), cadmium (6.2 mg/kg), and lead (310 mg/kg). This site is located in a beaver pond that receives runoff from a 0.2-mi2 drainage area comprised of about 57 percent military and industrial uses (table 3) , including a wash area for motor-pool vehicles.
Bed-sediment samples from Gordon Lake (site 9, fig. 1 ) contain high concentrations of barium (720 mg/kg), copper (67 mg/kg), silver (12.7 mg/kg), and zinc (270 mg/kg). The Gordon Lake drainage area is one of the larger drainage basins (17.5 mi2) in the study area. The area contains a mix of land uses including about 14 percent commercial and industrial (table 3) .
Bed-sediment samples from Sandy Run Creek, near the southern boundary of Fort Gordon (site 23, fig. 1 ) and Lower Leitner Lake (site 24, fig. 1, table 7 ), have high cobalt concentrations (19 and 26 mg/kg, respectively) compared to the study area median concentration (6 mg/kg) and the reference site concentrations (3 to 4 mg/kg). These relatively large drainage areas (32.6 and 19.7 mi2, respectively) are predominantly forested and barren lands and have no apparent source of cobalt.
Compared to the other sampling sites, sediments from the landfill drainage at McCoy Creek (site 16, fig. 1 , table 7) contain the highest concentrations of arsenic (42 mg/kg), iron (56 mg/kg) and manganese (970 mg/kg), and except for zinc, the lowest concentrations of other measured trace elements. The concentration of trace elements at reference sites Middle Fork of Spirit Creek (site 22, fig. 1 ) and Boggy Gut Creek tributary (site 28, fig. 1 ) generally are lowest, except for relatively high concentrations of arsenic (10 mg/kg) and manganese (190 mg/kg) at site 28. Table 7 . Concentration of trace elements and total organic carbon in bed sediment [<, less than; %, percent by weight; , no value; x, elements used to compute water-quality scores; (1), to compute median values, the less-than-minimum reporting levels were set equal to one-half the minimum reporting level; reference (2), concentrations from Persaud and others, 1993; background (3) , Horowitz, 1987 Several compounds were corrected for laboratory contamination by subtracting the 95th percentile concentration in laboratory blanks from the measured concentration in each environmental sample (Gilliom and others, 1998) . The corrections applied to these compounds were:
Bis (2- fig. 1 ). PAHs were not detected at reference site 22 ( fig. 1, table 8) .
A high number of PAHs were detected at many sites. Phenols and phthalates also were detected at most sites (22 of 29 sites and 26 of 29 sites, respectively). Other SVOCs were detected at fewer sites (18 of 29) compared to the number of detects for PAHs, phenols and phthalates. Chlorobenzenes and ethers were not detected at any of the sites, except for one ether compound detected at site 25 ( fig. 1) . Although SVOCs were detected at all sites, concentrations at most sites were at the minimum method reporting levels (table 8, plate 1).
The most frequently detected PAHs are pyrene, phenanthrene, and fluoranthene (detected at a minimum of 22 of 29 sites). Pyrene concentrations range from the minimum detection level to 12,200 |ig/kg, phenanthrene from the minimum detection level to 7,340 |ig/kg, and fluoranthene from the minimum detection level to 17,100 |ig/kg. Among the sites, median concentrations for pyrene, phenanthrene, and fluoranthene were 39,15, and 46 M*g/kg, respectively (table 8, Bed-sediment samples at site 15 contain the lowest concentrations of SVOCs, even though the drainage area (0.3 mi2) is among the smallest of the sites and the percent commercial and industrial land use is about 68 percent. Fluoranthene (about 3|ig/kg), a PAH, was the only SVOC detected at site 15.
Bed-sediment samples at the reference sites (22 and 28, fig. 1 ) contain detectable concentrations of SVOCs; however, the number of detects and sums of concentrations for the factors are among the lowest of all the sites. At site 22, diethyl phthalate and bis (2-ethylhexyl) phthalate were detected at concentrations of 38 and 126 Hg/kg, respectively. At site 28, the PAHs pyrene (2.5 |^g/kg), phenanthrene (0.4 |ig/kg) and fluoranthene (10 l^g/kg) were detected; and the phenols phenol (15 Hg/kg) and p-Cresol (17 l^g/kg) were detected (table 8, plate 1).
Quality-Control Data for Bed-Sediment Samples
Replicate and split quality-control bed-sediment samples were collected at site 24 ( fig. 1) to provide an estimate of the error in trace element and SVOC concentrations associated with sample collection, processing, and analysis. Spatial variability within a sampling location is evaluated from relative differences in concentrations between a regular and duplicate sample collected by separate grabs at nearby locations. Bias associated with sample processing and analysis was evaluated from the relative difference in concentrations between splits of the regular and duplicate samples. The overall variability was estimated by determining the standard deviation of regular, duplicate, and split-sample concentrations.
Trace Elements
Relative differences of trace element concentrations in the regular and duplicate samples and the splits of those samples average about 9 percent, even though the relative difference of particle-size fraction was 66 percent (table 9). Relative differences between concentrations of trace elements in the regular sample and its split, and the duplicate sample and its split, are less than 13 percent, except for antimony (-78 percent in split 1) and cadmium (54 percent in splits 1 and 2).
The standard deviation of concentrations among all quality-control samples is 5 percent or less, except for barium, which are about 10 percent. The low relative differences and overall low standard deviations suggest that trace element concentrations in the fine-grained fraction of bed sediments at sampling sites have a low variation spatially and low bias from sample processing and analysis. Although the sample population is too low for a meaningful in-depth analysis of error, the data collected indicate that sampling error is small relative to the range of sample concentrations at sites.
Semi-Volatile Organic Compounds
SVOC concentrations in the quality-control samples are somewhat variable, but not atypical of quantitative analysis of SVOCs in bed sediment (table 10). Concentrations of most compounds in the quality-control samples from site 24 were at the minimum method reporting level (Appendix B) ; therefore, few compounds were available to evaluate variability and bias from sampling, processing, and analysis. Those SVOCs having concentrations reported in at least one of the duplicate quality-control samples are listed in table 10. In duplicate samples having only one reported concentration, that concentration generally was at the minimum method reporting level for the compound in the other sample. Variation in the method reporting levels likely is attributed to the individual sample matrix that effects laboratory extraction efficiency of SVOCs from the sediment (Furlong and others, 1996) . In duplicate samples having reported compound concentrations in both samples, the relative differences range from -84 to 149 percent. These limited quality-control data preclude a more meaningful evaluation of variability and bias associated with sampling, processing, and analysis. However, the standard deviation of concentrations for all quality-control samples is relatively low when compared to the range of observed concentrations among the sampling sites. 72  49  847  10  33  88  21  0  65  14  309  66  12  0  0  496  244  235  177  0  0  0  13  196  0  59  20  74  3,230 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4 3 4 1 1 1  1  3  5  1  5  2  0  0  3  3  2  2  4  4  2  2  3  1  2  1  0  2  26   980  295  4,260  2  2  8  34  1,880  161  2  4,010  265  0  0  39  506  265  1,280  847  1,840  126  118  61  20  208  132  0 Fl u o r e n e 1 , 6 -D i m e t h y l n a p h t h a l e n e 58 16 <50 <50 <50 <50 <50 <50 2,3 , 6 -T r i m e t h y l n a p h t h a l e n e <150 <50 <50 <50 2 , 6 -D i m e t h y l n a p h t h a l e n e 160 136 132 195 156 29 P h e n a n t h r e n e 64 10 10 23 27 26 1 -M e t h y l p h e n a n t h r e n e An t h r a c e n e <150 32 <50 <50 <50 <50 <50 <50 B e n z o [ b ] f l u o r a n t h e n e F l u o r a n t h e n e 
RELATIVE RANKING OF BED-SEDIMENT QUALITY
Bed-sediment-quality scores based on trace element and SVOC concentrations in bed sediments provide a relative comparison of bed-sediment quality among the sites at Fort Gordon. Data for bed sediment consist of one sample for each site. The methods for ranking each sediment-quality characteristic are described below.
Rankings for Trace Elements
Sediment-quality scores for sites were determined from equation (1) based on 14 trace elements: antimony, arsenic, barium, beryllium, cadmium, chromium, cobalt, copper, lead, mercury, nickel, selenium, vanadium, and zinc. Because only one sample was collected at each site, the summary value for each element at each site is the value determined by the analysis. The study area median concentration for each element is the median value for all sites sampled. Individual site scores were categorized and ranked from 1 (best) to 4 (worst) on the basis of quartiles of the distribution of study site scores. Ranking categories for the trace elements in bed sediments are summarized in table 11. Bed-sediment-quality scores for trace elements at sites range from 0.59 at site 22 (lowest concentration, best rank) to 4.87 at site 4 (highest concentration, worst rank) (table 12). Sites having scores from 0.59 to 0.77 received the lowest (best) rank of 1 (less than or equal to the 25th percentile of all scores) and sites having scores from 1.92 to 4.87 had the highest (worst) rank of 4 (greater than the 75th percentile of all scores).
Sites with a ranking of 1 typically are predominately forested or barren in land uses. Generally, these are areas where land-use activities in the basin minimally affect the trace element quality of bed sediments (table 12) . Conversely, sites with a ranking of 4 tend to have the smallest drainage areas and the highest percentages of commercial and industrial land uses. The three highest bed-sediment scores are associated with sites 2, 4, and 12, which are all ranked as 4 ( fig. 1, table 12 ). These sites also are among the smallest in drainage area, and contain the highest percentages of commercial and industrial land uses (table 12) . Two exceptions are McCoys Creek tributary (site 15) and McCoys Creek landfill drainage (site 16). Both sites have ranks of 1, but both drainage areas have relatively high percentages of commercial and industrial land uses (68 and 36 percent, respectively). Bed sediment at site 15 consists of sand deposited at depths of 2 to 3 feet in the stream channel; the sediment contains the smallest percentages of fine-grained material (0.4 percent) and TOC (1.1 percent) among all sites (table 7) . The low trace element concentrations at this site can be attributed to the poor sorption properties of the bed sediment. Although fine-grained material and associated trace elements from the commercial and industrial areas likely were transported to and along the stream channel during periods of stormwater flow, they apparently were not sorbed to the sandsized bed sediments at this site. The cause of the low concentrations of trace elements at site 16 that resulted in the low ranking is uncertain. A few feet upstream from the site, the stream flows from a culvert that lies beneath a closed landfill. Although the buried culvert is part of the storm drainage system in this basin, a suspected breach in the system beneath the landfill may distribute stormwater flow directly through the culvert (John Wellborn, Fort Gordon Environmental and Natural Resources Management Office, oral commun., 1998). Part or all of the flow may pass through the landfill material, whereby contaminants associated with paniculate material likely would be removed from the water by filtration or sorption. Flow through the culvert is sustained by dry weather discharge of ground water that contain high concentrations of dissolved solids and low dissolved oxygen, which is typical of waters affected by leachate from a landfill. Presumably, these conditions within the ground-water environment of the landfill are favorable for the production of relatively high concentrations of soluble iron, manganese, and arsenic and not other trace elements. As ground water flows from the landfill and is exposed to the atmosphere, the soluble forms of these elements apparently are quickly oxidized to insoluble forms that adsorb to the bed sediments. This situation could account for the relatively high concentrations of iron, manganese, and arsenic and low concentrations of other trace elements in the bed sediment directly downstream of the landfill.
Comparison of trace element sediment-quality scores for sites upstream and downstream of lakes and other impoundments indicates that the impoundment of streams effectively traps fine-grained bed sediment and associated contaminants that may otherwise be transported farther downstream. For example, sites 23 and 25 are located downstream and upstream, respectively, of Lower Leitner Lake (site 24), and have lower bed-sediment scores (0.95 and 0.84 respectively) (rank 2) than site 24 (score 1.48) (rank 3). Similarly, sites 8 and 13, located downstream and upstream, respectively, of Gordon Lake (site 9), have lower scores (1.22 and 1.33, respectively) (rank 3) than site 9 (score 2.04) (rank 4) ( fig. 1, table 12 ).
Rankings for Semi-Volatile Organic Compounds
Sediment-quality scores for sites were determined from equation (1) based on four SVOC factors, PAHs, phenols, phthalates, and other SVOCs. Compounds included in the analysis of each factor are listed in Appendix A. Chlorobenzenes and ethers were not included in the computation of scores because few compounds were detected in these factors. The factor summary value for each site is the sum of the detected concentration of compounds for each factor in the sample. The study area median concentration for each factor is the median value of all sites sampled. As was done for trace elements, individual site scores were categorized according to ranks ranging from 1 (best) to 4 (worst) on the basis of quartiles of the distribution of study site scores; categories for the SVOCs in bed sediments are summarized in table 13. Sediment-quality scores for SVOCs at sites range from 0.002 at site 15 (best) to 125 at site 12 (worst) (table 14) . Sites having scores ranging from 0.002 to 0.304 received the lowest (best) rank of 1, and sites having scores ranging from 5.67 to 125 received the highest (worst) rank of 4. Most of the sites having ranks of 1 and 4 for trace elements also have ranks of 1 and 4 for SVOCs, providing additional evidence to support the relation between land use and quality of bed sediments. Sites 4 and 12, which have the highest sediment-quality scores for trace ele-ments also have the highest scores for SVOCs. Low sediment-quality scores for SVOCs at sites 15 and 16 suggest that factors other than drainage area size and land use affect bed-sediment concentrations in a manner similar to that observed for trace elements. The sandy sediments at site 15 and the apparent effects of the landfill on stormwater flow and quality at site 16 are probable causes in the low concentrations and subsequent low scores and ranks for SVOCs. 6.9 10.1 6.9 11.9 4.0 2. 
COMPARISON OF TRACE ELEMENT AND SEMI-VOLATILE ORGANIC
COMPOUND CONCENTRATIONS TO AQUATIC-LIFE CRITERIA FOR BED SEDIMENT Trace element concentrations in bed sediment commonly exceed sediment-quality guidelines for bed sediments as developed by Persaud and others (1993) and Ingersoll and others (1996) (table 15) . The trace element sediment-quality low-range and high-range guidelines were exceeded at least four times at each site. The highest number of guidelines exceeded (17) occurred at sites 2, 4, 18, and 19 ( fig. 1, tables 2, 15) . The lowest number of guidelines exceeded (4) occurred at site 22, a reference site ( fig. 1, tables 2, 15) . High-range guidelines, which are the most critical to aquatic-life criteria, were exceeded at 16 sites, and the highest number of high-range guidelines exceeded (4) occurred at site 19 ( fig. 1, tables 2, 15 ).
Chromium and lead exceed OMOE "lowest effects level" and SEC "effects range low" concentrations more than the other trace metals (table 15, low range). Arsenic, cadmium, chromium, iron, and lead exceed either OMOE "severe effect level" or SEC "effects range median" concentrations or both at 16 sites (table 15, high range).
Not all sites exceeding the high-range guidelines have sediment-quality scores that indicate potential sediment-quality problems. Two sites (15 and 16) have sediment-quality ranks of 1 (best), even though bed sediment-quality at site 15 exceeds the OMOE severe effects level for chromium, and bed-site quality at site 16 exceeds the OMOE severe effects level for arsenic and iron. Six of the seven sites (2, 4, 12, 17, 18, and 19) having ranks of 4 (worst) also have trace metal concentrations that exceeds the high range guidelines; the exception is the Gordon Lake site (9) ( fig. 1, tables 2, 15) .
The association between trace element concentrations in bed sediment and the potential for adverse effects on aquatic life is intended only for screening purposes. Comparison of concentrations in fine-grained sediments to guideline concentrations based on bed sediments is likely a worst-case assessment of sediment-quality conditions because the fine-grained sediments contain most of the trace elements. Owing to the uncertainty in predicting trace element concentration levels that cause adverse effects to aquatic organisms, a conservative screening approach was used to designate sediment-quality conditions that pose a potential threat to aquatic life. For screening purposes, aquatic-life criteria of bed sediment are exceeded when trace element concentrations exceed at least two high-range guidelines (table 15) . This arbitrary screening level is consistent with the screening procedure used by the USEPA for SVOC aquatic-life criteria. Based on this screening method, trace element concentrations in bed sediment exceeded high-range guidelines at seven sites (2, 4, 12, 16, 18, 19, and 20) . Five of the seven sites (2, 4, 12, 18, and 19) have sediment-quality ranks of 4 (worst); sites 20 and 16 have ranks of 3 and 1, respectively ( fig. 1, tables  12, 15 ).
SVOCs in bed sediment exceed aquatic-life criteria at sites 4, 12, 17, and 20 ( fig. 1, table 16 ). Sites 4 and 12 exceed the aquatic-life criteria for eight SVOCs, site 17 exceeds the criteria for six SVOCs, and site 20 exceeds criteria the for three SVOCs ( fig. 1, table 16 ). Each of these sites have SVOC sediment-quality ranks of 4 (worst) (table 14) . A visual comparison of the relative rankings and evaluations of aquatic-life criteria for trace elements and SVOCs in bed sediments at Fort Gordon are depicted in figures 2 and 3, respectively.
Although trace element concentrations in bed sediments at many sites exceed the low concentrations at reference sites, concentration levels exceed aquatic-life criteria guidelines at only seven of the 29 sites. Generally, sites having small drainage areas and large percentages of commercial and industrial uses tend to have the highest concentrations of trace elements in bed sediments (figs. 1,2).
Concentrations of SVOCs for seven sites occurred in the upper quartile range, but only four sites exceeded aquatic-life criteria guidelines ( figs. 1, 3 ). SVOCs were detected most commonly and at the highest concentrations at sites 4 and 12 ( fig. 1, table 16 ). Drainage areas at these sites are small (0.2 and 0.6 mi2, respectively) and are dominated by commercial and industrial land uses. Concentrations of SVOCs in the lower quartile range occurred at another seven of the 29 sites (5, 6, 15, 16, 22, 23, and 28) in more typically forested areas (figs. 1, 3; and tables 2, 16). (Persaud and others, 1993) ; sediment effect criteria (SEC) are from Ingersoll and others (1996) (Persaud and others, 1993 ; sediment effect criteria (SEC) are from Ingersoll and others (1996) Figure 3 . Semi-volatile organic compound (SVOC) bed-sediment-quality rankings and aquatic-life criteria comparisons at sampling locations in Fort Gordon, Georgia, study area. 
SUMMARY AND CONCLUSIONS
Analysis of bed-sediment data collected during May 1998 at 29 sites at Fort Gordon, Georgia, were used to describe the occurrence and distribution of trace elements and semi-volatile organic compounds, and to evaluate contaminant contributions from potential pollutant source areas. Potential pollutant source areas include motor pools and maintenance facility operations, personnel training and testing areas, closed landfills, vehicle wash areas, and weapons impact areas.
Concentrations of trace elements and semi-volatile organic compounds in bed sediments were compared to identify drainage basins and receiving streams that may pose a potential risk to aquatic life. These comparisons were made using two different approaches: (1) a relative ranking of trace elements and semi-volatile organic compounds concentrations in bed sediments; and (2) an evaluation of individual trace elements and semi-volatile organic compounds in bed sediments relative to established bed-sediment criteria. Concentrations of 18 trace elements and total organic carbon were determined from analysis of the fine-grained fraction (less than 63 micrometer (urn) in size) in bed-sediment samples. Most samples contain total organic carbon concentrations greater than 2 percent by weight, exceeding a level that generally is typical of bed sediments. The relatively high total organic carbon concentrations in bed sediments are attributed to analysis of the fine-grained sediment fraction of the sample and to naturally occurring total organic carbon in the bed sediments that originate from the numerous wetlands and forest cover in the drainage basins at Fort Gordon.
Trace element concentrations in bed-sediment samples at most sites exceed concentrations in bed sediments at reference sites in the study area. Bed sediment collected at three sites having drainage areas of less than 1-square mile (mi2) and greater than 45 percent of commercial and industrial land uses, tend to have the most occurrences and highest concentrations of trace elements. However, other factors such as bed-sediment composition and contaminant source areas also affect trace element concentrations. Two sites having drainage areas of less than 1 mi2 and greater than 35 percent commercial and industrial land uses have trace element concentrations in bed sediments that are among the lowest of all sites. Apparently, the cleaner and larger grain-size sandy bed sediments in those stream channels provide poor adsorption of metals. Bed sediments at one site (16) contain the highest concentrations of arsenic, iron, and manganese of all sites likely derived from a landfill located directly upstream of the site.
Concentrations of 66 semi-volatile organic compounds were determined for bed-sediment samples from 29 sampling sites. The percent of fine-grained material (<63-|nm) in the bed-sediment samples range from 0.4 to 37 percent, with a median of about 10 percent. Semi-volatile organic compounds were detected in samples from all sites; however, concentrations of most compounds at most sites were at the minimum method reporting level. Concentrations of semi-volatile organic compounds in bed sediments at the reference sites are among the lowest of all the sites. To facilitate comparisons, semi-volatile organic compounds were grouped into six classes chlorobenzenes, ethers, polycyclic aromatic hydrocarbons (PAHs), phenols, phthalates, and other semi-volatile organic compounds. PAHs, phenols, and phthalates were detected most frequently and at the highest concentrations levels. Chlorobenzenes and ethers were not detected at any sites, except for one ether compound detected at site 25.
The occurrence and distribution of semi-volatile organic compounds in bed-sediment samples is similar to those for trace elements. Semi-volatile organic compounds were detected more frequently and at higher concentrations at sites having drainage areas of 1 mi2 or less and having 32 percent or more of the land use for commercial and industrial purposes.
A relative ranking procedure based on the concentrations of trace elements and semi-volatile organic compounds provides the means to numerically compare bed-sediment quality among the 29 sampling sites. Sediment-quality scores were calculated from the bed-sediment data, grouped by quartiles, and the quartiles then assigned ranks from 1 (best, 25th percentile or less) to 4 (worst, greater than the 75th percentile).
Most sites having ranks of 1 or 4 for trace elements also have the same ranks for semi-volatile organic compounds. Generally, sampling sites having drainage areas of less than 1 mi2 and greater than 45 percent commercial and industrial land uses, also have the highest sediment-quality scores and the worst ranks. Sites having less than 2 percent commercial and industrial land uses have the lowest sediment-quality scores and ranks regardless of drainage area size. A comparison of sediment-quality scores for sites upstream and downstream of dams and for scores of the sites in impounded stream reaches, indicates that dams effectively trap sediment and associated contaminants that may otherwise be transported farther downstream.
Sediment-quality guidelines for trace elements and aquatic-life criteria for semi-volatile organic compounds were evaluated using approaches based on correlative methodologies and guidelines. These established guidelines and aquatic-life criteria provide a procedure for screening bed-sediment concentration levels to evaluate potential risks of contamination on aquatic life.
Trace element concentrations in the fine-grained bed-sediment samples collected at Fort Gordon commonly exceed sediment-quality guidelines for bed sediments. Arsenic, cadmium, chromium, iron, and lead exceed one or both of the high-range bed-sediment-quality guidelines at 16 sites. Comparison of concentrations in fine-grained sediments to guideline concentrations based on bulk sediment likely results in a worst-case assessment of sedimentquality conditions, because the fine-grained sediments contain most of the trace elements. For this reason, and because of the uncertainty in predicting trace element concentrations, a conservative screening approach was used to designate sediment-quality conditions that may pose a potential threat to aquatic life. For screening purposes, sediment-quality conditions are considered a potential threat to aquatic life when trace element concentrations exceed at least two high-range guidelines. This arbitrary screening level is consistent with the screening procedure used by the U.S. Environmental Protection Agency for aquatic-life criteria.
Trace element concentrations in bed sediment exceed sediment-quality screening levels at seven sites. Trace elements that exceed the screening levels include arsenic, cadmium, chromium, iron, and lead. Semi-volatile organic compound concentrations in bed sediment exceed aquatic-life criteria established by the U.S. Environmental Protection Agency at four sites. These eight semi-volatile organic compounds include fluoranthene, phenanthrene, anthracene, benze(a)anthracene, chrysene, dibenzo(a,h)anthracene, fluorene and pyrene, and one phthalate; bis (2-ethylhexyl) phthalate. Eight polycyclic aromatic hydrocarbon compounds exceed the aquatic-life criteria.
Results of this study suggest a strong relation between trace element and semi-volatile organic compound concentrations in bed sediment and land use in the basins. Relative rankings of these data suggest that the commercial and industrial areas are major sources for trace elements and semi-volatile organic compounds. Sediment-quality screening levels and aquatic-life criteria also are exceeded at these similar type of land-use sites. The potential effects of risks to aquatic life due to elevated trace element and semi-volatile organic compound concentrations at these locations may merit further investigation. 
